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1 
ABSTRACT 
 
 
The India-Eurasia collision has affected many regions throughout the Asian 
continent. The Gobi Altai, located in south-central Mongolia has been transpressionally 
reactivated in response to these far-field stresses, forming localized regions of high 
topography. New apatite U-Th/He ages along the mountain blocks Ikh Bogd and Baga 
Bogd in the Gobi Altai constrain the onset of exhumation and faulting.  These ages 
identify the apparent beginning of Cenozoic deformation as compared to a previous 
thermochronology study that used apatite fission-track length modeling to suggest a 
young cooling event at 5±3 Ma (Vassallo et al., 2007). Single-grain analyses of a suite of 
samples from Ikh Bogd show a systematic relationship between age and depth below a 
paleo-low relief surface that caps the massif. Oldest ages are found at the highest 
elevations and show more dispersion, which is expected for slow cooling rates that are 
inferred. Conversely, low elevation samples give the youngest and most tightly 
constrained ages, as expected for fast cooling. Mean sample ages from replicate analyses 
demonstrate the onset of Cenozoic cooling at ~35 Ma after an extended period of slow 
cooling and exhibit a well-defined exhumed helium partial retention zone. The data imply 
intracontinental reactivation began earlier than previous modeling suggested and has been 
active since the Oligocene. This estimate is well-supported by Miocene to recent age 
basin sediments which indicates high, eroding topography was present at this time. 
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1. Introduction 
The actively deforming Gobi Altai mountain range is located within Central Asia, 
far from any active plate boundary that would create uplift in the traditional sense. This 
region is an ideal location to study deformation of continental interiors due to low erosion 
rates and spectacular fault scarps along the Bogd Fault system (Kurushin et al., 1999). 
The range is comprised of ridges elevated in response to transpressional motion within 
the still-active fault system (Figure 1; Cunningham, 2010). This type of tectonic 
environment is relevant to all continents throughout Earth’s history whose interiors have 
deformed in response to ancient collisions, but the dynamics involved are still not well 
understood. To the north the Hangay Dome, separated from the Gobi Altai by the Valley 
of Lakes, is an area of high topography due in part to mantle dynamics as well as 
increased crustal thickness (Zorin et al., 1990; Cunningham, 2001). The Hangay has a 
similar elevation as the Gobi Altai, both rising to elevations of ~4km at their highest 
peaks. It is likely acting as a passive indentor that localizes transpression in the Gobi 
Altai, but also to the Mongolian Altai to the west (Cunningham, 2013). 
Knowing the timing of deformation is critical to relating the Gobi-Altai to other 
tectonic events in Asia. A previous study reports an estimate of 5±3 Ma for the initiation 
of recent deformation based on modeling of fission-track data (Figure 2; Vassallo et al., 
2007). This hypothesis that range-forming uplift is relatively young and therefore 
associated with the modern pattern of deformation and seismic activity can be tested 
using apatite U-Th/He thermochronology to assess the thermal history of rocks exhumed 
by faulting and erosion. With this work, I hope to identify the thermal history of the Gobi 
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Altai, as well as establish the timing of exhumation using a more sensitive 
thermochronometer and therefore better understand the geologic evolution of the Gobi 
Altai as it relates to other Asian tectonics and intracontinental reactivation.  
2. Background and Study Area 
2.1 Study Site Location 
The Gobi Altai mountain range is located in southern Mongolia (45°N, 101° E) 
approximately 600 km southwest of the nation’s capital UlaanBaatar. Of particular 
interest to this study are two massifs located along the Bogd Fault System: Ikh Bogd and 
Baga Bogd meaning “great” and “small elevation” in Mongolian (Figure 1). These 
massifs rise 2-3km above the regional trend and lie along a system of sinistral strike-slip 
and thrust faults creating transpressional pop-up structures (Cunningham, 2010; 2013). 
Ikh Bogd is topped by what appears to be an intact low-relief surface at elevations of 
~4km. Recent seismic activity (M 8.3 earthquake in 1957) indicates the region is 
undergoing active deformation, and has been one of the most seismically active 
intracontinental regions for the last century (Baljinnyam et al., 1993). The regional 
Paleozoic and Mesozoic history is fairly well constrained, but the Cenozoic geologic 
history has proved harder to interpret due to differing sedimentary and 
thermochronologic datasets (Traynor and Sladen 1995). One of the main objectives of 
this study is to further constrain periods of Cenozoic deformation which has caused the 
high-topography landscape seen today.  
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2.2 Relevant Geologic History 
2.2.1 Paleozoic 
Throughout the Precambrian and Paleozoic, central Asia progressively 
amalgamated terranes north to south in a previous convergent margin (Sengor et al., 
1993; Filippova et al., 2002). These amalgamated terranes have produced strong crustal 
fabrics oriented in directions ranging from WNW-ESE to ENE-WSW across the Gobi 
Altai (Cunningham, 2010). The orientation of these basement structures set the 
foundation for reactivation in the Mesozoic and Cenozoic. The gneisses in the basement 
core of the massifs have been dated to be as old as 1701 Ma, with discrete igneous events 
at ~960 Ma and ~500 Ma (Demoux et al., 2008). After amalgamation ceased, the 
landscape was then a part of an intracontinental interior, where it remains throughout the 
rest of its landscape evolution. 
2.2.2 Mesozoic  
Structural and sedimentary features of Mesozoic to Cenozoic age have been 
extensively mapped and interpreted by Dickson Cunningham and others in several 
published studies (Traynor and Sladen 1995; Cunningham, 2010; Cunningham et al., 
1996, 2009, 2013). The pertinent details of this work are summarized here. Beginning in 
the early-mid Jurassic, the region responded to crustal shortening events that are recorded 
in the stratigraphic and geochronologic record. Offsets in Paleozoic strata in the central 
and southern Gobi Altai indicate the dominant strike-slip system was active in the 
Jurassic. Regional unconformities in Jurassic strata also indicate a period dominated by 
erosion and deformation. One explanation points to the closure of the Mongol-Okhotsk 
Ocean as the compressive stress source, which was present in central Asia during this 
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period (Zorin 1999). Closure of this feature from north to south could have caused a 
major compressive stress field to initiate deformation and reactivation of preexisting 
structures. However, the extent of this paleo-suture and precise timing of closure is 
uncertain (Cunningham, 2010). Another possible explanation for shortening is the 
collision of the Lhasa and Qiangtang blocks to the far south in Tibet. The collision of 
these blocks may have initiated a compressive stress field that reactivated basement 
structures as far north as the Gobi Altai (Dewey et al., 1988).  
 Following a shortening phase in the early-mid-Jurassic, the late-Jurassic and 
early-Cretaceous experienced a change in regional stress regime from compression to 
extension (Traynor and Sladen, 1995; Graham et al. 2001). Cretaceous age normal 
faulting is documented at both Ikh Bogd and Baga Bogd (Cunningham, 2010). Evidence 
of metamorphic core complex development along the Chinese-Mongolian border to the 
south and the Nemegt and Altan ranges to the west supports a change to extensional 
deformation (Rippington et al., 2013). Additionally, new seismic data from the Valley of 
Lakes suggests that transtensional half-graben formation created more than 4 km of basin 
fill in the late-Jurassic to early-Cretaceous (Johnson et al., 2014). The change in dominant 
stress field is likely due to termination of subduction from the closure of the Mongol-
Okhotsk Ocean and paleo-Pacific slab rollback (or drop-off) which could have initiated 
asthenospheric upwelling from the east (Meng, 2003).  
By the end of the Cretaceous relief had been significantly reduced by erosion 
(Jerzykiewicz and Russell, 1991; Cunningham, 2010). Remnants of this landscape, 
graded to a former lower base level, are thought to be preserved as the uplands of the 
modern Ikh Bogd massif (Figure 3; Berkey and Morris, 1924; Devyatkin, 1974). The 
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“flatness” of this upland and its apatite fission-track age (~200 Ma) has been argued to 
indicate no significant tectonic motion during the early-mid-Cenozoic (Jolivet et al., 
2007). Additionally, the preservation of this surface implies very low erosion rates 
maintained over millions of years, possibly due to the aridification of central Asia related 
to uplift of the Tibetan Plateau (Dettman et al., 2003; Hou et al., 2014; Caves et al., 
2014). This high elevation, low-relief surface at Ikh Bogd is an interesting relict feature 
that is useful for sample referencing and gives a reliable indication of a relatively flat 
landscape prior to Cenozoic reactivation.  
2.2.3 Cenozoic 
Several phases of deformation and amalgamation throughout the Paleozoic and 
Meoszoic created a relatively weak basement that is more susceptible to reactivation 
along preexisting basement structures (Cunningham, 2010). Vassallo et al. (2007) suggest 
the Cenozoic is a period of quiescence without any significant tectonic activity based on 
the preservation of the high elevation, low-relief surface as well as modeled fission-track 
data. Additionally, the authors suggest limited sedimentation throughout the Paleocene-
Miocene is indicative of quiescence.  
However, widespread Oligocene and Miocene clastic sediments in the Valley of 
Lakes suggests relatively high topography and increased erosion processes indicative of 
periods of exhumation (Devyatkin, 1981; Höck et al., 1999). A transition from aeolian 
sediments (Hsanda Gol formation) to coarsening fluvial sediments (Loh Formation) 
within the Valley of Lakes occurs in the early Oligocene and is an indication of increased 
relief and a more permanent river network (Höck et al., 1999). Fault activity during the 
late Oligocene that displaces these sediments is also associated with increased relief in 
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the Gobi Altai and high topography within the Hangay to the north. The sedimentation 
contribution from each of the respective high topography regions has not been clearly 
quantified, but some sediments indicate a more dominant paleocurrent direction from the 
Hangay into the Valley of Lakes (Höck et al., 1999).  
The sedimentary record, regional unconformities and seismic-reflection data 
reveal a number of major tectonic events that have affected Ikh Bogd and Baga Bogd 
basement blocks prior to Late Cenozoic reactivation (Traynor and Sladen, 1995; Johnson 
et at., 2004; Graham et al., 2001). The current stress regime and sinistral-transpressional 
motion likely initiated in the late Cenozoic, and has been linked to the Indo-Eurasian 
collision (Molnar and Tapponnier, 1975; Calais et al., 2003). The principal stress 
direction (between 045 and 070) of the regional stress field in relation to the preexisting 
basement fabrics that are oriented approximately north-south likely promoted reactivation 
(Heidbach et al., 2008). Cenozoic deformation is responsible for creating the high 
topography seen today but the exact timing of reactivation is uncertain. 
2.3 Major Structural Features 
Cunningham (2010) provides a detailed structural study of the Gobi Altai and the 
reader is referred to this publication for a more complete review of the structural features 
in the Gobi Altai. The Bogd Fault system accommodates the major motion and 
deformation along the Bogd massifs. Left-lateral strike-slip and oblique-slip faults are E-
W and ENE-WSE trending and typically crosscut older basement structures. These faults 
lie in approximately parallel bands in low terrain areas. Thrust faults responsible for 
uplift strike NW-SE, parallel to existing basement, and occur along mountain fronts 
bordered by large alluvial fan complexes (Cunningham, 2010).  
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 The massifs have formed from restraining bends along oblique motion sections of 
the Bogd Fault system. The thrusts along the massifs likely root into vertical strike-slip 
faults as positive flower structures with some fault asymmetry (strike-slip motion 
concentrated on one side, with variable thrust motion on both sides). As the faults link 
with other structures along strike, foreberg development widens and creates a 
“transpressional duplex” (Owen et al., 1999). Although deep canyons cut into high 
topography, only a few locations show evidence of small glacial cirques on Ikh Bogd and 
Baga Bogd. The massif margins are also bordered by large alluvial fan deposits that are 
often dissected by fault traces (Cunningham, 2010). 
3. Previous Thermochronology Studies 
Vassallo et al. (2007) used apatite fission-track analysis and inverse models of 
fission-track length data to suggest that after Jurassic cooling, a long quiescent period 
ended in a young uplift event at 5±3 Ma (Figure 2). The initial Jurassic cooling is 
reflected in all of the samples collected, while young uplift is recorded in the lowest-
elevation samples collected along the range boundary. The modeled rapid uplift is 
required by only few long fission-track lengths present in the distribution of total tracks.  
This estimate is not well constrained by inverse models and could be an artifact, 
considering the low constraining power in fission-track data at the temperature in the 
models across which quenching occurred (<<60°). Also, evidence for Cretaceous 
extensional rift-basin development in the Valley of Lakes is inconsistent with the 
quiescent cooling histories proposed by Vassallo et al. (2007) (Cunningham et al., 2010, 
2013).  
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 A recent study used 40Ar/39Ar analysis of mafic lavas from the Bogd massifs to 
date basin formation (Van Hinsbergen et al., 2014). These analyses give ages of ~210 Ma 
and ~125 Ma respectively. The authors argue for at least four phases of deformation 
throughout the Mesozoic and Cenozoic based on their thermochronologic data as well as 
structural mapping evidence. Deposition of lavas and half graben formation between 220-
115 Ma likely formed as a response to termination of subduction activity. Mid-
Cretaceous shortening emplaced basement rocks over younger stratigraphy, followed by 
Upper-Cretaceous-Paleogene quiescence and peneplanation (Van Hinsbergen et al., 
2014). Citing the work by Vassallo et al. (2007) and field evidence for active 
deformation, the authors maintain active deformation began in the Late Cenozoic creating 
the topography seen today.  
 Several studies have also used cosmogenic nuclide dating and geomorphic 
markers in order to estimate rates of slip along the Bogd Fault system. 10Be and stream 
terrace dating along Ikh Bogd shows activation since at least 600 ka and a Holocene slip 
rate of ~0.1 mm/yr (Ritz et al., 1995; Vassallo et al., 2005, 2007). The general 
interpretation of reactivation has been far field stress transfer from the Indo-Eurasia 
collision, and given the morphology of the ranges and the still-active motion on faults, it 
seems plausible that the deformation is young.  
4. Methods 
4.1    Field Work 
 Thirty samples of gabbro, granite, diorite and alluvial sand derived from these 
rock types were collected in the Gobi Altai during a two-week field season in June, 2015. 
We collected these samples across Ikh Bogd and Baga Bogd as shown in the sample 
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location map in Figure 1. At each location, we removed a set of fist-sized rocks from the 
outcropping bedrock using a rock hammer, stored them in cloth bags and labeled them 
for identification.  
 Access and appropriate lithology limited sample collection locations. The Gobi 
Altai has a very rugged landscape with large alluvial fan deposits extending far beyond 
the massif margins which made access into the interior of the range difficult in some 
places. In order to construct the most complete thermal history, it is best to take samples 
from a transect that is as continuous and vertical as possible. We sampled the best, most 
continuous vertical section possible, dictated by the appropriate rock types and access 
during a short field season, which primarily had a reconnaissance focus. Additionally, 
some locations of outcrops featured very weathered and friable lithologies which were 
not appropriate for this study and were not sampled. 
4.2    U-Th/He Analysis 
 In order to separate apatite from the bulk rock, each sample underwent standard 
mineral separation techniques. The specific details of each mineral separation step are 
outlined in Appendix 1. The U-Th/He method utilizes helium (He) as a 
thermochronometer through the radioactive decay of uranium (U) and thorium (Th) to 
stable He through alpha particle emission (Ehlers and Farley, 2003). For this study, I 
focused on apatite crystals which have a closure temperature between 55-80°C for a 
cooling rate of 10°C/Ma. In practice, an apatite U-Th/He single grain age (AHe) is 
determined by measuring the radiogenic 4He trapped in apatite grains released during 
furnace outgassing, then measuring relative amounts of parent isotopes by solution ICP-
MS (Ehlers and Farley, 2003). The emission of alpha particles does create some 
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complications in this dating technique because these particles can be ejected out of the 
grain, a process called alpha-ejection, if the parent isotope is located close to the edge of 
the crystal, or if the crystal itself is small relative to the particle travel distance. 
Therefore, a correction factor is applied to the measured AHe ages (Farley et al., 1996; 
Ketcham et al., 2011). 
 When performing AHe analysis, it is extremely important to select appropriate 
grains and in general, it is preferable to select large (>75 µm radius), inclusion-free, non-
zoned, unbroken, euhedral crystals (Ehlers and Farley, 2003). This ensures that alpha 
ejection and parent zonation is limited. Due to the nature of the samples and limited 
availability of usable apatite crystals, I selected grains larger than 50 µm and clear or 
mostly clear with no obvious fractures or broken edges for extraction. Some of the 
samples yielded no usable apatite grains and could not be analyzed. 
 For this project, I used continuous heating methods to extract He gas, a relatively 
new method currently being developed at Lehigh University (Idleman and Zeitler, 2014; 
McDannell et al., 2015). I heated the samples in a standard double-vacuum resistance 
furnace from 200°C to 1150°C at a rate of 20°C/min. Once the samples reached 1150°C I 
shut off the furnace and allowed the line to cool for one hour before the next sample was 
analyzed. At the beginning of each day, I analyzed calibration shots (calshot) of mixed 
known 4He/3He to determine sensitivity corrections. Due to issues with pressure 
scattering related to the continuous heating method, I also added a calshot as the sample 
gas was reaching its peak during extraction. This gives a direct sensitivity measurement 
for each grain. Once I analyzed all samples for 4He samples they were sent to Dr. Peter 
Reiners at the University of Arizona to be analyzed by isotope dilution ICP-MS for their 
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U, Th, and Sm content. Having known quantities of U, Th, Sm and He, I can now 
calculate a single-grain AHe age. 
 To ensure ejection effects would not underestimate measured helium ages, I 
calculated alpha ejection corrections for each individual grain. I used the measured 3D 
grain dimensions and U, Th, and Sm content to calculate an FT correction for each grain. 
I compiled and reduced the data using all corrections and sensitivity measurements, and 
determined a final age. Once each grain has an associated age, I geometrically averaged 
all grains for a single sample to account for sources of dispersion using the program 
Helioplot (Vermeesch, 2010). 
4.3 Relict landscape surface 
At high elevations of Ikh Bogd, the landscape is relatively flat and has preserved a 
low-relief surface (Berkey and Morris, 1924; Devyatkin, 1974). This surface likely 
represents a paleo-landscape that was once at low elevations and allows us to visualize 
the vertical displacement in response to crustal reactivation along the Bogd Fault system. 
By using the low-relief surface preserved on top of Ikh Bogd as a reference relict 
landscape, the approximate shape of topography prior to Cenozoic reactivation is known 
and the depth of each sample below this reference datum can be measured, as employed 
by Clark et al. (2006). Where these remnant surfaces exist, they represent a landscape 
that is adjusting to new dynamic conditions. Given the visible tilting of this surface, depth 
below it is a better measure than sample elevation because it defines structural depth at 
the time of cooling. Using ESRI ArcGIS software and a base 90m SRTM digital 
elevation model (DEM), I projected the trend of this surface to both sides of the massif to 
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encompass the samples collected on either side of Ikh Bogd. Once this trend was 
calculated, I was able to determine the depth of samples below this reference surface.  
4.5    Thermal History Modeling 
 Results from the apatite U-Th/He analyses need to be modeled to obtain a 
mutually consistent kinematic and time-temperature history for the samples. I employed 
the thermal history modeling program QTQt version 5.4.6 to create and interpret thermal 
histories based on the AHe age results from this study (Gallagher, 2012). QTQt uses a 
Bayesian transdimensional Markov chain Monte Carlo (MCMC) inversion scheme, in 
which it takes the current model, chooses a parameter from this model, then perturbs that 
parameter in search of the best-fitting model (Gallagher, 2009, 2012). This process infers 
thermal history results for low-temperature thermochronology data and is an important 
step in topographically and structurally complex settings.   
 To develop a successful model, I allowed the offset in temperature between the 
highest and lowest elevation samples to vary over the model duration and did not allow 
reheating periods. I set the MCMC perturbation scale parameters for time and 
temperature to 12 Ma and 10°C respectively using 100,000 iterations. I maximized the 
cooling rate at 30°C/Ma to restrict acceptable models to reasonable cooling rates for this 
region. Additional parameters and acceptance rates are listed in Figure 9. 
4.6    Geomorphic Analysis 
 The landscape evolution of the Gobi Altai can be used as a comparison to the 
thermal history. The valleys of Ikh Bogd are dominated by large cobbles and boulders 
with some areas of deep gorge incision, indicating large debris is being transported 
despite the lack of permanent streams. I used 90m SRTM DEMs and ESRI ArcGIS 
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software to analyze the fluvial system throughout Ikh Bogd and determine systematic 
variations in channel reach geomorphology related to uplift. 
 Erosion rate in a fluvial system can be modeled using a stream power law (E = 
KAmSn, where A is upstream drainage area; S is channel slope; K is bedrock erodability) 
(Hack, 1957; Kirby and Whipple, 2001; Snyder et al., 2000). Assuming the channel is in 
steady state, erosion rate is equal to uplift. The relationship between slope (S) and area 
(A) for any given longitudinal profile can highlight knickpoints, local regions of 
convexity and anomalously steep slopes. The presence of a knickpoint usually implies 
either transient landscape response to a base level fall or local changes in lithology. 
Figure 4 shows the location of channel longitudinal profiles I used for analysis. I chose 
channels from both the north and south sides of Ikh Bogd to get a representative view of 
the channel variability. Drainage area and elevation data has been smoothed using a loess 
filter to remove some of the pixel scale inaccuracies related to DEM acquisition and to 
highlight the key features along the profile. Long profiles of a few representative 
channels are shown in Figure 5. 
To assess the concavity and steepness throughout the channel, slope is compared 
to drainage area in logS-logA space following the general methodology of Snyder et al. 
(2000). Rearranging the stream power law expression and linearly regressing through the 
data defines the concavity index (θ = m/n) and the steepness index (ks = [U/K]1/m) for 
each profile. A normalized steepness index (ksn) using the average theta for all the 
streams along Ikh Bogd allows for direct comparison of north and south facing channels. 
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Variability in ksn can be a proxy for uplift rate if the erosion conditions are steady state 
throughout the channel reach (Kirby and Whipple, 2001; DiBiase and Whipple, 2011).  
Additionally, knickpoints located along a drainage can provide evidence of an 
active landscape responding to tectonic forcing (Berlin and Anderson, 2007; Crosby and 
Whipple, 2006; Kirby and Whipple, 2001). A break in linearity of log-transformed slope-
area data indicates the presence of a knickpoint along the channel reach (Snyder et al., 
2000). Perron and Royden (2012) developed a similar method to identify transient 
knickpoints using an integration of the stream power law that utilizes a coordinate 
transformation of drainage area to the variable Chi (𝜒 = ∫ (
𝐴0
𝐴(𝑥)
)
𝑚
𝑛
𝑑𝑥
𝑥
𝑥0
). Plotting 
elevation versus χ for all profiles draining the same side of the massif, shows knickpoints 
at a common elevation- χ value, if these knickpoints are genetically related to the same 
tectonic forcing, and linearizes steady-state channels (Perron and Royden, 2012). 
Because I restricted these streams to elevations greater than 1500m at the mouth, they all 
fall to the same base level and can be compared.   
5. Results 
5.1    U-Th/He 
 The results of the apatite U-Th/He analyses are summarized in Tables 1 and 2. 
Some ages show good replication for each grain measured (MN15-05, MN15-06), while 
others show much more dispersion from grain to grain (MN15-09, MN15-13). To 
account for this dispersion but also eliminate anomalous ages, I first looked at the Th/U 
ratio for any outliers. Two samples from MN15-13 had very low Th/U ratios as compared 
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to the other grains in that sample, and similarly gave anomalously low ages. One grain 
from MN15-09 also featured very low Th/U content and gave a similarly low age. For 
these reasons these samples were not included in the final geometric mean age for that 
sample.  
 For other anomalous ages, I then looked at the shape of the first derivative of the 
helium release curves obtained during the He extraction process. For two samples, these 
curves featured abnormal gas release phases including a double peaked release for a grain 
from MN15-06, which gave an age much older than others, and an early large release of 
gas in a grain from MN15-16 which may have been an indication of a fluid or mineral 
inclusion (Supplemental Figures 1 and 2). For these reasons, these grains were also not 
included in the final geometric average age for each sample. There were no clear trends 
associated with eU or grain size for the samples in this study, therefore I included any 
other samples which showed age dispersion without a clear source in any further 
calculation (Figure 6). 
5.1.1   Ikh Bogd Ages 
 Figure 7 shows a classic plot of AHe age versus elevation. However, the patterns 
within this plot are difficult to interpret. Instead, as shown in Figure 8, apparent AHe ages 
decrease with increasing paleo-depth below the relict landscape surface for samples on 
the north side of Ikh Bogd. Samples at greatest structural depth show the best replication 
and clustering. There is more scatter and dispersion for samples through the middle and 
upper depths. One sample collected on the south side (MN15-21) fits within the general 
trend of this data, but has a slightly younger age than expected for its paleo-depth. This 
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discrepancy could arise from residence in the He partial retention zone, but more analysis 
and sampling is needed to confirm this. However, the south side lies along a separate 
fault than the north side, so direct comparisons between the north and south side should 
be made with caution.  
5.1.2   Baga Bogd Ages 
 Two samples from Baga Bogd, MN15-15 and MN15-16, give average AHe ages 
of 64.5 ± 3 Ma and 196 ± 35 Ma respectively. Sample MN15-16 showed a very large 
range in ages, from 35 Ma-253 Ma. This large age range makes logical interpretation of 
this age difficult. Additionally, samples from Baga Bogd were not included in the depth 
projection from the relict landscape surface and are not included in Figures 7 and 8. 
Unlike Ikh Bogd, Baga Bogd does not preserve a significant remnant surface, making this 
an appropriate exception (Berkey and Morris, 1924). With only one acceptable age 
constraint on the north side of Baga Bogd and no direct estimate of total exhumation, it is 
not possible to interpret an overall thermal history of this massif.   
5.2    QTQt modeling 
 I developed a comprehensive QTQt model using all ages from each sample on the 
northern side of Ikh Bogd to best characterize the spread in data. QTQt estimates the 
input thermal history parameters based on the spread in ages from the input data files. 
The expected thermal history model, effectively a posterior probability weighted mean 
model, is shown in Figure 9 (Gallagher, 2012). A qualitative examination of likelihood 
chain and posterior chain results shows good exploration of the model space (i.e. each 
iteration is sampling a new region which results in a “spikey” graph, shown in the inset of 
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Figure 9). The results are shown between 35-25 Ma to focus on the key model results. 
Beginning at 31 Ma, the model results indicate an increase in cooling for 3 million years 
then a decrease again at 29 Ma. Prior to and directly after this increase in cooling the 
model predicts slow-cooling conditions (Supplemental Figure 3).  
5.3  ksn and χ 
 The average concavity for all streams on the northern and southern sides 
combined is 0.51. Normalizing the steepness index with the overall average concavity of 
0.51 gives a ksn value of 398 for the northern drainages. Similarly, the ksn for the southern 
drainages is 267. Some drainages, such as MN15-07-11a, show a large break in data on 
the slope-area regression which is indicative of the presence of a knickpoint (Figure 10).  
I used plots of χ versus elevation to compare m/n values that best co-linarize the 
profiles (Figure 11). Most of the northern facing streams collapse into a reasonably linear 
array, with a few breaks indicating the presence of a knickpoint. The southern streams are 
less collinear with each other, with some drainages falling below the linear regression and 
some above. For the northern streams, the best fitting m/n value is 0.3, however the exact 
m/n value could fall somewhere between 0.25-0.35. Using an m/n value of 0.45 overlaps 
two large convexities better than the lower estimate of m/n without compromising much 
on the r2 value (0.954 vs 0.930 for m/n of 0.3 and 0.45 respectively). The southern facing 
drainages have a best fitting m/n value of 0.55, with the exact value falling between 0.5-
0.6. The results from the slope-area regression and ksn analyses agree well for the 
appropriate m/n or theta values for channels facing both sides of the massif. 
 
 19 
 
1
9 
6. Discussion 
6.1   Timing of Ikh Bogd exhumation 
 AHe ages from the northern side of Ikh Bogd exhibit a clear age-depth pattern 
(Figure 12). An inflection at ~35 Ma in the estimated trend indicates the onset of 
Cenozoic cooling (due to exhumation related to rock uplift). It’s difficult to establish a 
precise turnover of this estimated trend, however older than 41Ma there is more 
dispersion is ages, and younger than 33Ma the ages are better replicated over multiple 
grain analyses. Therefore, between 33-41Ma (~35Ma for simplicity) there is a change in 
slope which marks the minimum age of the transition from slow cooling to faster cooling. 
This represents the period of time where exhumation caused isotherms to move through 
rocks and reset their ages as a response to rock uplift associated with transpression. Since 
this initiation of cooling, there has been 2.2 km of exhumation.  
 Extending this trend below the surface shows the approximate location of zero 
age samples at a depth of ~4250 m below the paleo-erosion surface, or ~2 km below the 
present day low elevation samples. Assuming a typical geothermal gradient (25°C/km), a 
typical apatite closure temperature (~60 °C), and an average surface temperature 
(~10°C), gives an apparent exhumation rate of ~0.2 mm/year. This apparent exhumation 
rate can be thought of as a spatially and temporally averaged erosion rate. The data 
cannot constrain if this exhumation rate has been constant through time, or if exhumation 
has occurred in smaller pulses. The observed inflection at ~35 Ma agrees with a 
reasonable geothermal gradient in this region. If no inflection had been present, the ages 
would define a more linear trend, whose extension would place zero age samples only a 
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few meters below the present day samples. This would only be possible if the geothermal 
gradient was extremely high, a situation which is highly unlikely for the Gobi Altai. 
 The ages presented here outline a well-defined apatite He partial retention zone 
(HePRZ, Figure 12). The observed patterns correspond well with expected apparent age 
versus depth configurations (Gleadow and Fitzgerald, 1987; Fitzgerald et al., 1995; Wolf 
et al., 1998; Stockli et al., 2000). In this region, a small change in depth corresponds to a 
large change in age as the rock moves through a range of He diffusivities. This can be 
seen in the middle depth samples which show more age dispersion, indicative of a period 
of very slow cooling or residence in the HePRZ which magnifies small differences in He 
diffusivity. The exact shape and temperature sensitivity of the HePRZ is dependent on 
residence time and cooling rate (Wolf et al., 1998). Additionally, because the full HePRZ 
is exposed, the paleo-geothermal gradient can be estimated based on the thickness of this 
zone (~1.5km) and the partial retention temperature range (~40-80°C). This defines a 
paleo-geothermal gradient of 26°C/km which agrees with the assumed geothermal 
gradient used to calculate the exhumation rate.  
The exhumed PRZ indicates there was a former low relief landscape, graded to a 
former, lower base level. That surface was abandoned and river incision ensued at ~35Ma 
as a response to a change in uplift. Once river incision began, the upland surface 
continued to lower at a background rate of ~5m/my based on the slope of middle 
elevation samples within the exhumed PRZ, creating less than 200m of relief lowering in 
the last 35 Ma. Over this same time period, the rivers have incised as much as two 
kilometers, creating the deep canyons we observe throughout the landscape. 
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The onset of Cenozoic uplift of Ikh Bogd constrained by the apatite ages 
presented in this study is earlier than previously thought (Vassallo et al., 2007). Although 
the initiation of cooling seems to begin at ~35Ma, the shape of the inflection and precise 
timing is somewhat dependent on the projection of the paleo-erosion surface. A slight 
change in the projection of this surface would change the depth of each sample and 
somewhat alter the shape of the inflection. However, the age patterns we observe are 
sensitive to the titled surface correction and the key features within the data (i.e. HePRZ, 
cooling inflection) are present when using this depth measurement. 
 The age patterns seen here are consistent with previous sedimentary evidence of 
Oligocene sedimentation related to uplift (Höck et al., 1999). The widespread presence of 
thick alluvial deposits of Miocene to present age throughout the region indicate that 
crustal reactivation and mountain building has likely occurred since at least the Neogene, 
consistent with the AHe results reported here (Cunningham, 2010). 
QTQt thermal history modeling confirms earlier exhumation initiation than the 
uplift modeled by Vassallo et al., (2007; Figure 9). I modeled these samples as a vertical 
transect because they are all located along the northern side of the massif and have likely 
been affected by a similar tectonic history. The model predicts long residence time in the 
HePRZ (between ~40-80°C) followed by a period of cooling at 31Ma. The period of 
cooling shown in the model output is more rapid than expected from the age-depth 
relationships of these samples with a cooling rate of 25°C/Ma. One end-member 
interpretation of this trend could be that exhumation and river incision rapidly cut deep 
gorges between 31-28Ma and the landscape has remained fairly dormant since this time. 
However, the slope of this line is poorly constrained by only the youngest age samples, 
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and this interpretation is not supported by the age-depth patterns observed from the 
exhumed HePRZ. Although the slope of this line could be variable, the initiation of 
cooling is robust. 
It is much more likely that cooling has proceeded at a lower rate than predicted by 
the QTQt model. Lower temperature constraints using 4He/3He from three of the low 
elevation samples will help to define the shape and speed of this cooling phase, once 
those samples have been received and analyzed. It is probable that the rate of cooling will 
be much more gradual than the model is currently able to predict based on the AHe ages 
and present day temperature constraints. 
6.2   ksn variability and knickpoint evolution 
 ksn varies systematically between the north and south facing channels. The 
normalized steepness of the northern drainages is greater than the southern channels. 
Assuming rock type is constant, channel steepness can be correlated with rock uplift 
(Snyder et al., 2000). The systematic variation in ksn across the massif is consistent with 
tilting. The massif is likely rising faster on the south side than the north side, causing the 
northern channels to steepen and the southern channels to have a gentler slope.  
Sample MN15-21 was taken from the southern side of the massif. In order to 
support the idea of tilting, this age should fall slightly outside of the trend seen from the 
northern samples, and present an older age than expected. However, the age of this 
sample is ~75 Ma, younger and opposite of what is expected if tilting has been occurring 
since this time. This indicates that tilting is likely recent, although the precise timing is 
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unknown from this data. More sampling on the southern side of Ikh Bogd would be 
required to confirm this.  
χ-plots of this data show evidence of knickpoints at various locations along 
drainages on both the north and south sides (Figure 11). Although two rather large 
convexities are present at approximately the same χ-elevation location on the north side 
(MN15-03-06 and MN15-07-11a), MN15-03-06 has a very large landslide at the location 
of this convexity, indicating this is likely not a transient knickpoint feature. It is possible 
that there is evidence of drainage migration happening on the southern side of the massif 
due to the variation in collinearity of the drainages (Willett et al., 2014). However, more 
detailed investigation of the basin system would be needed to confirm this. Therefore, 
there is no strong evidence for a knickpoint that is common to all drainages on the north 
side, south side, or both. This indicates that any base level fall or uplift Ikh Bogd has 
experienced has been non-uniform and time-transgressive, rather than instantaneous and 
uniform. The convexities seen along each drainage could represent small changes in 
lithology instead of transient features related to base level fall. 
The erosion rate of the upland surface is much different than the rate of valley 
incision. The background erosion rate defined by the slope of the HePRZ at middle 
depths is about .005mm/yr, compared to 0.2mm/yr in the valleys after the onset of 
exhumation. The arid climate is limiting overland water flow which limits the erosion of 
the relict landscape surface and headward propagation of drainage basins, which creates 
the relief between valley incision and upland preservation. 
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6.3  Significance to Asian tectonics 
It is important to place the results presented here within the overall tectonic 
history of Asia. The timing of uplift can be correlated with other processes throughout 
Asia as an indication of altered regional boundary conditions that are locally affecting the 
Gobi Altai. For example, changes in the Himalayan-Tibet system at this time could have 
altered regional boundary conditions, initiating a renewed deformation field much further 
north. Other intraplate systems throughout central Asia also seem to have quasi-
simultaneous initiation and could indicate a coupled response to changes in regional 
stress regimes. Exposed Oligocene to recent age stratigraphy within eastern flanking 
basins of the Mongolian Altai (just west of the Gobi Altai) indicates that Cenozoic 
rejuvenation began in the Oligocene at a similar time as the Gobi Altai (Cunningham, 
2013). Similarly, the formation of the Baikal rift system (north of the Hangay) in the late 
Oligocene could be caused by passive indentor dynamics creating rotation around the 
Hangay, which could explain a rifting phase in Baikal and transpression in the Gobi Altai 
simultaneously (Delvaux et al., 1997; Mats, 2012). A geodynamic relationship between 
these quasi-simultaneous events throughout central Asia is possible and would be 
important for understanding intraplate deformation, but has yet to be established. 
7. Conclusions 
 The Gobi Altai is actively deforming from far-field stresses related to the India-
Eurasia collision (Molnar and Tapponnier, 1975; Calais et al., 2003). The compression 
from this collision combined with the rigid boundary around the Hangay and the strike-
slip faulting along the Bogd Fault system has created transpressional wrench tectonics 
throughout the region including the Mongolia Altai to the west. Ikh Bogd is a massif in 
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the Gobi Altai rising to elevations of ~4km featuring a flat, paleo-erosion surface at high 
elevations. The onset of cooling occurred in the Oligocene at ~35Ma, much earlier than 
previous estimates. This age is also supported by local sedimentary basin sediments that 
record the uplift and concomitant erosion of the adjacent mountain ranges (Cunningham, 
2010). 
 Samples collected from the northern side of the massif represent a well-defined 
helium partial retention zone when samples are plotted as age versus depth below the 
paleo-erosion surface. The apparent age behavior of these samples is consistent with 
theoretically predicted age versus depth or temperature profiles within an exhumed 
HePRZ. The break in slope at the bottom of the PRZ marks the minimum age for the 
transition from slow cooling to faster cooling. Thermal history modeling of all samples 
from the northern side of Ikh Bogd shows long residence time in the HePRZ followed by 
increased cooling beginning at 31Ma, which supports the general age patterns seen here. 
 Normalized steepness indices provide evidence of tilting and suggests that the 
northern and southern sides of Ikh Bogd are experiencing slightly different rates of 
exhumation. Normalized steepness indices across the massif indicate the southern side is 
rising faster than the northern side. Tilting has likely been the most recent method of 
exhumation and has been time-transgressive and non-uniform throughout the landscape. 
 This work shows the applicability of the helium apatite system to active 
intracontinental tectonic systems, even for less rapid uplift. Even though this mountain 
block is exhuming at a relatively slow pace, it is still enough to set apatite He ages and 
has been active long enough to exhume a fossil HePRZ. This work indicates there is 
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opportunity for important correlations between regional geodynamics related to the India-
Eurasia collision and localized intraplate deformation throughout central Asia. 
8. Recommendations for future research 
Once data from the 4He/3He analyses returns, I will gain another lower 
temperature piece of the total thermal history of Ikh Bogd. This data will help to 
constrain the duration of the rather fast exhumation phase seen in the QTQt models. I also 
collected additional samples for detrital apatite and zircon U-Th/He dating, as well as k-
feldspars for 40Ar/39Ar dating. Lack of time and laboratory limitations didn’t allow for 
these samples to be included in the work presented here. However, analyzing these 
remaining samples using additional thermochronometers will again provide a larger 
temperature range for thermal history interpretations. 
 Resampling Ikh Bogd in more detail, particularly the southern side and in vertical 
transects, would be useful to characterize the timing of exhumation in greater detail. 
Since the locations of the youngest ages are now known, one could revisit these sites and 
sample more densely and vertically around the area to fill in the data set presented here. 
Any additional sampling will also be able to define the extent of the exhumed PRZ more 
clearly. Similarly, more in depth sampling to the interior of Baga Bogd in a vertical 
transect will characterize any variation in exhumation and uplift between the two massifs.  
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Table 1: Results of apatite U-Th/He analysis. Each sample has multiple grain analyses that are shown as separate rows. Asterisk 
indicates samples taken from Baga Bogd. MN15-21 was taken from the southern side of Ikh Bogd. Any grain that is highlighted in red 
was not included in the geometric mean age for that sample. Depth is measured from the projected paleo-erosion surface at high 
elevations. Ages presented here are FT corrected. U is measured Uranium content; Th is measured Thorium; Sm is measured 
Samarium; Rs(Ft) is the effective radius calculated from grain dimension measurements; eU is the effective Uranium. 
Sample Latitude Longitude 
Elev. 
(m) 
Depth 
(m) 
Age 
(Ma) 1σ 
Ft 
correction Th/U 
U 
(ppm) 
Th 
(ppm) 
Sm 
(ppm) 
Rs(Ft) 
(µm) eU 
MN15-03 45.0429 100.2205 2280 -1887 35.14 0.72 0.83 0.42 19.60 8.30 47.40 81.96 21.60 
MN15-03 45.0429 100.2205 2280 -1887 37.71 0.77 0.81 0.36 20.90 7.60 46.80 76.56 22.70 
MN15-03 45.0429 100.2205 2280 -1887 29.87 1.08 0.76 0.36 7.40 2.70 27.70 60.37 8.00 
MN15-03 45.0429 100.2205 2280 -1887 30.09 1.44 0.75 0.49 7.10 3.50 25.40 57.44 7.90 
MN15-04 45.0436 100.2223 2269 -1877 36.21 1.11 0.76 0.34 5.00 1.70 49.40 59.13 5.40 
MN15-04 45.0436 100.2223 2269 -1877 25.98 0.63 0.81 0.46 5.70 2.60 33.60 75.06 6.30 
MN15-04 45.0436 100.2223 2269 -1877 40.06 1.41 0.83 0.49 14.70 7.20 131.50 85.48 16.40 
MN15-04 45.0436 100.2223 2269 -1877 48.64 2.35 0.79 0.76 5.10 3.90 47.80 66.79 6.00 
MN15-05 45.0525 100.2291 2194 -2012 24.67 0.86 0.78 0.75 9.50 7.10 224.50 64.06 11.10 
MN15-05 45.0525 100.2291 2194 -2012 21.84 0.49 0.79 0.44 9.10 4.00 35.80 68.22 10.00 
MN15-05 45.0525 100.2291 2194 -2012 22.04 0.55 0.74 0.52 14.00 7.30 203.70 55.08 15.70 
MN15-06 45.0628 100.2348 2030 -2236 170.12 3.31 0.82 0.69 21.40 14.70 136.60 80.40 24.90 
MN15-06 45.0628 100.2348 2030 -2236 31.55 1.27 0.77 0.30 3.00 0.90 10.60 62.35 3.20 
MN15-06 45.0628 100.2348 2030 -2236 24.87 0.83 0.65 3.06 4.80 14.70 172.90 42.27 8.30 
MN15-07 44.9813 100.3738 2080 -1473 32.79 0.79 0.76 0.13 10.50 1.40 44.10 59.65 10.80 
MN15-07 44.9813 100.3738 2080 -1473 68.47 1.56 0.72 1.42 6.70 9.50 16.80 52.01 8.90 
MN15-07 44.9813 100.3738 2080 -1473 82.36 2.89 0.74 0.72 2.90 2.10 14.50 56.17 3.40 
MN15-07 44.9813 100.3738 2080 -1473 133.35 2.82 0.71 0.39 22.20 8.70 53.30 48.52 24.20 
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MN15-09 44.9947 100.3757 1980 -1630 71.26 2.45 0.76 1.76 10.70 18.80 23.10 62.53 15.10 
MN15-09 44.9947 100.3757 1980 -1630 7.84 0.17 0.86 0.82 3.90 3.20 8.10 106.57 4.70 
MN15-09 44.9947 100.3757 1980 -1630 18.63 0.39 0.73 1.52 29.60 45.10 229.30 54.05 40.20 
MN15-11 45.0048 100.3780 1931 -1743 24.94 0.52 0.80 0.22 22.50 5.00 15.80 70.09 23.70 
MN15-11 45.0048 100.3780 1931 -1743 37.69 0.78 0.77 0.52 23.80 12.30 15.20 63.15 26.70 
MN15-11 45.0048 100.3780 1931 -1743 58.10 2.69 0.77 1.37 15.10 20.70 55.70 62.66 20.00 
MN15-11 45.0048 100.3780 1931 -1743 55.09 1.14 0.78 1.00 9.30 9.30 27.00 66.34 11.50 
MN15-12 44.9464 100.6351 1850 -1007 158.30 3.06 0.75 0.84 29.20 24.60 177.90 57.97 35.00 
MN15-12 44.9464 100.6351 1850 -1007 144.29 2.80 0.78 0.72 18.50 13.30 189.80 65.87 21.60 
MN15-12 44.9464 100.6351 1850 -1007 201.92 4.56 0.70 0.95 7.30 6.90 63.40 47.04 8.90 
MN15-13 44.8916 100.5588 2528 -217 31.97 0.65 0.73 0.52 52.20 27.10 297.40 53.24 58.60 
MN15-13 44.8916 100.5588 2528 -217 292.98 5.36 0.66 2.95 32.10 94.60 471.70 43.48 54.40 
MN15-13 44.8916 100.5588 2528 -217 255.77 11.63 0.72 1.87 43.20 80.60 542.10 53.01 62.10 
MN15-13 44.8916 100.5588 2528 -217 16.04 0.35 0.80 0.48 8.60 4.10 20.80 72.16 9.50 
MN15-13 44.8916 100.5588 2528 -217 214.06 4.15 0.60 3.36 24.50 82.30 415.30 37.19 43.90 
MN15-15* 44.9359 101.6303 2006 NA 59.54 2.05 0.79 2.47 3.20 7.90 36.30 70.09 5.00 
MN15-15* 44.9359 101.6303 2006 NA 73.85 1.59 0.73 3.28 4.70 15.40 44.50 55.72 8.30 
MN15-15* 44.9359 101.6303 2006 NA 60.73 1.20 0.74 4.03 5.90 23.80 61.70 58.97 11.50 
MN15-16* 44.9359 101.6303 2006 NA 151.74 2.84 0.68 2.14 32.70 70.10 276.10 45.48 49.20 
MN15-16* 44.9359 101.6303 2006 NA 253.70 8.83 0.65 0.84 8.20 6.90 96.20 40.67 9.80 
MN15-16* 44.9359 101.6303 2006 NA 34.66 1.46 0.70 0.69 4.80 3.30 58.80 47.08 5.50 
MN15-21 44.9188 100.2502 2411 -1064 78.84 2.78 0.63 1.67 5.40 9.00 90.40 38.41 7.50 
MN15-21 44.9188 100.2502 2411 -1064 74.61 1.51 0.77 1.56 6.20 9.70 149.30 63.66 8.50 
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Table 2: Results of Helioplot geometric mean ages for each sample collected along Ikh  Bogd (samples MN15-03, 04, 05, 06, 07, 09, 
11, 12, 13 and 21) and Baga Bogd (samples MN15-15 and 16). Depth is measured from the projected paleo-erosion surface at high 
elevations and is only measured for samples from Ikh Bogd. 
 
Sample Elevation (m) Depth (m) 
Geometric Mean 
Age (Ma) 
St. error 1σ 
MN15-03 2280 -1887 33.25 1.67 3.34 
MN15-04 2269 -1877 36.70 4.17 8.34 
MN15-05 2194 -2012 22.68 0.66 1.15 
MN15-06 2030 -2236 27.95 2.35 3.32 
MN15-07 2080 -1473 70.47 17.78 35.56 
MN15-09 1980 -1630 36.41 17.24 24.38 
MN15-11 1931 -1743 41.60 7.07 14.14 
MN15-12 1850 -1007 166.38 13.59 23.54 
MN15-13 2528 -217 252.12 19.28 33.39 
MN15-15 2006 NA 64.50 3.64 6.30 
MN15-16 2006 NA 196.88 35.59 50.33 
MN15-21 2411 -1064 75.49 1.18 1.67 
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Figure 1: Location Map of the mountain blocks Ikh Bogd and Baga Bogd within the Gobi Altai, Mongolia. White 
areas indicate regions of high topography (up to 4km on Ikh Bogd). Blue dots indicate locations of local samples 
used for apatite U-Th/He analysis (regional samples not shown on this map). Yellow stars indicate locations of 
knickpoints on two river channels (see Figure 4). Massifs are bounded by active sinistral transpressive fault 
structures. 
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Figure 2: Apatite Fission Track (AFT) Solve model results from two samples along 
the northern side of Ikh Bogd, modified after Vassallo et al., (2007). Red circles 
indicate a period of rapid exhumation constrained by a few long track lengths. 
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Figure 3: Top: Profile view looking south showing the flat topped surface of Ikh Bogd. Bottom: 
Map of slope along Ikh Bogd showing high elevation region of low slope corresponding to a 
paleo-erosion surface. Blue colors indicates gentle slope, red colors indicate regions of steep 
slope. Inset showing location of slope map within the Gobi Altai. 
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  Figure 4: Map showing locations of long profiles used in geomorphic analysis. A few streams mentioned in text 
are labeled for reference. Each stream is cut off at 1500 m elevation to ensure each grades to the same base level. 
Two large knickpoints are present at the yellow stars. 
S1 
S3 S4b 
S4d 
N2 
07-11b 
07-11d 
N4 
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Figure 5: Long profiles of a few representative channels from both the northern and 
sourthern sides of Ikh Bogd. Southern channels: S1, S3, S4b, Sd; Northern channels: N2, 
MN15-07-11b, MN15-07-11d, N4. 
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Figure 6: Left to right: plots showing effective Uranium, equivalent spherical radius, and Th/U ratio versus age for all samples 
collected along Ikh Bogd and Baga Bogd. No clear trends observed in data to directly explain age dispersion. 
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Figure 7: Age vs elevation of all samples from Ikh Bogd. See Table 1 for sample names. 1σ 
error bars. Age patterns are difficult to interpret, indicating depth is better measure of 
structural depth at time of cooling. 
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Figure 8: Left: Plot of age versus depth below erosion surface at high elevations. Each grain from Ikh Bogd is plotted 
as individual point with 1σ standard deviation error bars. Each set of colored dots represents grains from one sample. 
Right: Black dots same as figure on left, red diamonds showing geometric mean ages for each sample with 1σ standard 
deviation error bars. Gray envelope shows width of uncertainty of results at various depths. One sample, MN15-21, 
shows a slightly younger age than expected from the trend of the data. However, this sample was taken on the southern 
side of the massif, which according to geomorphic analyses, is likely undergoing a different exhumation rate that can 
explain this inconsistency. 
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  Figure 9: QTQt model results. Inset showing Log likelihood (red) and No. of T(t) points (green) versus iteration. 
QTQT thermal history predictions all samples (gray), highest (blue) and lowest (red) elevation samples, with the 
95% credible intervals for the highest and lowest elevation showing in cyan and magenta respectively. The model 
was run for 20,000 burn-in and 80,000 post burn-in iterations. Proposal scale parameters are 12Ma and 10°C with 
acceptance rates of 0.275 and 0.267 respectively. The prior temperature offset was 42±5°C with an acceptance of 
0.169. The complexity of the model is controlled by adding T-t points (birth) and removing points (death). These 
birth and death acceptance rates are 0.00435 and 0.00425 respectively. 
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Channel MN15-07-11a Channel S4a 
Figure 10: Slope-area regression for two representative samples from the north side (MN15-07-11a) and south side (S4a). 
The data have been binned into log cycles to smooth out noise. Steepness index ks is the y-intercept of the linear regression 
line. The concavity θ is the slope of the line. A break in slope in the plot indicates a knickpoint is present (i.e. break after 
first three points on channel MN15-07-11a). 
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Northern channels 
m/n = 0.3 
Southern channels 
m/n = 0.55 
Figure 11: Chi vs elevation plots for all channels from the northern and southern sides. Left: For the northern channels, the best fitting m/n 
value is 0.3. The gray line indicates the linear regression used to determine the m/n value. Blue and red channels show large knickpoints at 
~2500m (MN15-03-06 and MN15-07-11a respectively). Right: For the southern channels, the best fitting m/n value is 0.55. The gray line 
indicates the linear regression used to determine the m/n value. There is much more variability in channel profile in the southern channels 
than the northern channels. 
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Figure 12: Plot of mean ages from the north side of Ikh Bogd with 1σ error bars. The trend of 
data has been extended below the present day samples, indicating zero age samples at 
~4250m depth below erosion surface. Inflection in the data at ~35Ma indicates the onset of 
Cenozoic exhumation. The gray region is the location of an exhumed helium partial retention 
zone (PRZ). 
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APPENDICES 
1. Mineral Separation Techniques 
 
First I crushed the sample using a jaw crusher into small pebbles and coarse sand. 
I then ran this separate through a coarse 100 µm sieve to preserve the initial small pieces 
and prevent over-crushing. Next, I used a disk mill at small time intervals to crush to 
finer and finer fractions. After crushing for ~5-10 seconds I removed the sample and 
again put it through a 100 µm sieve to ensure I preserved the smallest fraction and did not 
over-crush. I repeated this process until all of the sample was smaller than 100 µm.  
 Once a sample has been crushed and sieved, I exposed each one to some form of 
water separation. For the first round of felsic and mafic samples I used slightly different 
water methods. I cascaded the felsic samples across a Wilfley table to separate the heavy 
grains from the light. To ensure the greatest chance of collecting all the apatite contained 
in the separate, I kept the three collection bins containing the heaviest grains for further 
separation techniques. Additionally, I kept the rest of the collection bins to ensure no 
grains were lost during the process. However, this technique yielded very little apatite in 
the heaviest three collection bins, therefore I also needed to use the intermediate bins to 
yield a larger portion of usable apatite. For this reason, I abandoned the Wilfley table at 
this point for further water separation of felsic samples.  
 I washed the mafic samples, as well as the felsic samples which had not already 
been separated with the Wilfley table, in a large bucket to remove the fine material. After 
washing and mixing, I poured the light portion off the top, leaving the heavy grains 
resting on the bottom of the bucket. I repeated this process until the water being poured 
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off the top was virtually clear, indicating the majority of the fine material had been 
removed. I then transferred the samples to individual glass baking pans to be dried in a 
low temperature oven overnight.  
 Once the samples were completely dry, I transferred the mafic samples to a Frantz 
magnetic separator to remove any magnetic minerals. To prevent clogging of the 
magnetic separator, I used a hand magnet to separate the most magnetic grains from the 
initial portion of separate. Then, I passed each sample across a high powered magnet at 
varying levels of magnetism, ranging from 0.5A-1.5A, until all the magnetic minerals 
were removed. Since apatite is non-magnetic, I stored the magnetic grains in separate 
bags and reserved the non-magnetic grains for heavy liquid separation.  
 Depending on the previous step each sample had been through, the next step was 
some form of heavy liquid separation. For the felsic and mafic samples which still 
contained a lot of material, I used lithium metatungstate (LMT) at a density of ~2.95 to 
separate the sample. This caused apatite and other heavy minerals (zircon) to sink to the 
bottom of a separatory funnel while quartz and feldspar floated on top. I filtered and 
washed the grains that collected on the bottom and examined them under a microscope to 
determine if further processing was needed to yield a better separate consisting of 
primarily apatite.  
 In some cases, after magnetic separation of the most mafic samples, the non-
magnetic separate contained only a small portion of material. In this case, I put these 
samples directly into a methyl iodide (MI) solution of higher density to separate apatite 
and zircon from quartz and feldspar. I diluted pure MI to a density of ~3.0 and added the 
separate, which allowed zircon and apatite to sink and quartz and feldspar to float in a 
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small separatory funnel at a much faster rate than LMT separation due to the far lesser 
viscosity of MI than LMT. If a sample that had previously gone through LMT still 
contained a large portion of other minerals, I also used a heavy liquid separation using 
MI. After all samples had been through MI heavy liquid separation, I evaluated them 
under a microscope to determine if any other separation was needed. If the sample 
contained a large portion of zircon or other heavy minerals that were not apatite, I placed 
the sample through another phase of MI at a greater density of ~3.3, causing zircon to 
sink and apatite to float. Additionally, if a large portion of fine material remained at this 
step, I sieved the sample using a small 50 µm hand sieve to remove the portion too small 
for analysis. At this stage, I bottled the separate into small vials and labeled them 
according to sample name and separation methods and it was ready for picking. 
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Supplemental Figure 1: Derivative peak (top) of the helium release 
curve (bottom) for sample MN15-06 showing a double peak. These 
qualities helped to determine this grain as having an anomalous age. 
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Supplemental Figure 2: Derivative peak (top) of the helium release curve 
(bottom) for sample MN15-16 showing a large early release of gas as well 
as a "spikey" signature due to the low total gas released. These qualities 
helped to determine this grain as having an anomalous age. 
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Supplemental Figure 3: QTQt model results. Time scale is longer than shown in Figure 9. Thermal history 
predictions for highest (blue) and lowest (red) elevation samples, with the 95% credible intervals showing in 
cyan and magenta respectively. Refer to text and Figure 9 for details of model parameters.  
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